Fabian Hadipriono Tan has worked in the areas of construction of infrastructures and buildings, failure assessment of buildings and bridges, construction accident investigations, forensic engineering, ancient buildings, ancient bridges, and the ancient history of science and engineering for over 40 years. The tools he uses include fault tree analysis, fuzzy logic, artificial intelligence, and virtual reality.
INTRODUCTION
Digital imaging has been used to great effect in the study of history, engineering, and construction; various publications have explored the possibilities that the field has to offer with regards to these subjects and more. One potential application of this topic fosters a level of interest from the fields of civil engineering and construction training, specifically the study of technological advancement from ancient to modern times. Tools such as 3-D computer modeling and virtual reality can play a significant role in improving understanding of ancient construction and related methods. This can be useful in the education of history and engineering to a general audience, as well as research in the same fields. This project will be recreating the construction of one of the most famous ancient monuments: the Colosseum of Rome.
II.

HISTORICAL ACCOUNTS
The erection of the Colosseum (Fig. 1) was begun by Vespasian in AD 72 7, 3 , but he died in AD 79 prior to its completion. When his son Titus dedicated the Colosseum in 80, a year before he himself died, the top story was still incomplete 11 ; however, Lanciani 4 believed that by this time, the structure had reached the fifth and topmost floor. In AD 81 Titus' brother Domitian became the next emperor and continued enhancing the structure until AD 96 when he was assassinated 7 . Thus, it took eight years to roughly complete the amphitheater and a total of 24 years to perfect it, as opposed to, for example, the 120-year-long construction of the St. Peters Basilica over fourteen hundred years later. Funding for the Colosseum came from the spoils Titus collected during the Siege of Jerusalem in 70. The facility was first used for the venationes (beast hunts) following its completion, but according to Cassius Dio 2 , Titus also used it to hold the naumachiae or navalia proelia (marine fights) in which water was flown into the arena so ships could mimic naval combats 8 . However, judging from the size of the arena and the distance to the River Tiber (for water supply and drainage), it is likely that such mock sea battles could only be simulated on a much smaller scale compared to earlier, similar events hosted by his predecessors in a much larger basin at the bank of the Tiber. 
III.
MODELING STRATEGIES
In an earlier study by the authors, one approach to modeling ancient structures was used to build the stages of construction for the Colosseum 9 . Referred to as the "top-down" approach, this method constructed the model based on the completed appearance of the monument, primarily focusing on the exterior details such as the entrance archways and outer décor, before dividing the monument into stages via reverse-engineering ( Fig. 2) . This approach would theoretically be more efficient than modeling the monument from the ground up in a piecewise fashion, especially due to the amount of detail and coding that would have been involved in the process.
Modern software programs such as Autodesk Inventor now calculate most of the geometry without requiring any user input any aside from the function type and parameters. This would allow for greater flexibility and processing speed, enabling more complex structures to be replicated.
The top-down reconstruction was primarily based on a physical model from the Museo Colosseo in Rome, as well as the 1725 print, L'Anfiteatro Flavio 7 . The foundation of the monument was constructed based on the outline of the superstructure, which was in turn created using two extruded elliptical rings, the inner and outer walls, with a cross- section swept over an elliptical path to define the caveae. The eighty entrances were created through a pattern of difference extrusion features around the outside of the building, and the archway openings above them were replicated via a pattern in a vertical direction. This strategy is useful for defining the overall shape of the monument quickly, but would have increased the complexity of creating the interior of the monument, particularly due to the fact that in reality, the inside would have been much more complex than a single cross-section would have indicated. Specific interior features such as the vomitoria could not have been created until after the general plan of the structure had been fully defined. This also resulted in the interior of the monument being compromised ( Fig. 3) , because the amount of data involved had already taken up significant processing power, and additional functionalities would have required the program to repeat the of calculations from the beginning and slow down the modeling sequence by a considerable margin. This setback ties into the most significant flaw of the top-down approach, which is that the monument is constructed as a single, monolithic piece. This means that large amounts of data will accumulate at a faster rate, and compromises would therefore have to be made between realism and accuracy ( Fig. 4) .
A more practical solution would be to recreate the monument on a level-by-level basis from the ground upwards, which will be referred to as the "bottom-up" method. This technique would be more viable than the top-down approach not only for constructing a digital model, but a physical one as well ( Fig. 5) . This is because it does not require the overall volume of the structure to be filled straight away, allowing the sculptor to focus on other aspects such as the planning of the interior. It is also similar to how architects and engineers plan buildings today, making it a useful starting point for comparing the architectural techniques of the Roman era with modern versions. To clarify the erection of the Colosseum to a layman audience, the simulation also discusses a number of construction techniques that could have been used by the Romans on specific fronts, as well as two different possible strategies for building the walls and floors of the monument. The development of this modeling approach, which is presented in this paper, is discussed in the following section. 
IV.
DEVELOPMENT
Because the bottom-up method was more viable than the top-down method for recreating an accurate monument with respect to the interior as well as the exterior, it was expanded upon for a virtual simulation intended as an educational tool. A graphics pipeline was set up for this purpose using four different programs: Autodesk Inventor (which had been previously used in the modeling of the top-down approach), Google SketchUp (which was considered for the top-down approach and eventually chosen for versatility), Cinema4D (primarily used for texture rendering and object grouping), and Unity Pro (to bring the components together in a virtual environment and export them to the VR hardware). Each level was modeled based on a template which defined all of the walls that would have been constructed on a particular level, with the first floor having the most walls due to the seating supports being located further inward than in higher levels. The outer three annular walls are known for the first, second, and third levels of the monument; the fourth story, which was taller and housed the attic, only used the outermost façade wall, with the vaults beneath extending only partway up this level.
Once the stages of the main assembly were completed using Autodesk Inventor, the next stage of the graphics pipeline involved importing them into Google SketchUp (Fig. 6) ,
specifically SketchUp Make (the free version, which saves cost and can therefore be used freely in academic circles). This program is designed for flexibility because although the program is not very capable on its own (with limited functionality for creating faces and solids), it is capable of supporting a variety of plugins that allow it to model different kinds of components. In the case of the Colosseum model, the stairways were created and positioned over each of the openings designated by the building plans of the monument, and the various pieces of each level, depending on the material, were grouped together to form a completed part of the final assembly.
It is also important to note that the construction process of the Colosseum is not certain, due to the scant literary evidence dedicated to this subject. Any strategy that fits with the mindsets, techniques, and construction safety principles known to the Romans would be viable. As a result, two different erection methods were recreated for this project: a floor-by-floor method, in which each level is constructed completely and serves as a platform upon which the next floor is built, and a frame-by-frame method in which the first two levels are constructed, the seating and second-floor vaults are used as a cover against adverse weather, and the third and fourth floors are placed on top while the first floor vaults are built beneath the seating. Both of these processes rely on the same template pattern used to create each floor, but ultimately resort to different groups of objects. The floor-by-floor method includes the annular walls, radial walls, and annular vaults of each level, and the frame-by-frame method has the annular and radial walls only with the annular vaults being reserved for a separate group.
The third stage in the graphics pipeline, the rendering stage, uses Cinema4D for one important reason: UV mapping ( Fig. 7) . Through the placement of UV coordinates on an image map, Cinema4D can place a texture over the faces of a polygonal mesh. However, while it was originally considered that each level be modeled as a solid piece with all of the components defined via texture, this strategy is not viable because the large amount of data involved results in numerous overlapping faces. A more practical solution would be to divide the level into its individual components, similar to the top-down approach on a smaller scale. This is less likely to produce errors than creating the entire model from the top down, because the interior structure is known beforehand and the components can therefore be divided and textured separately.
The final stage of the graphics pipeline is the assembly of the stages into completed models.
This involves importing the completed Cinema4D files into Unity Pro (Fig. 8) , which parses the projects into groups of components which can then be moved and spaced freely. These components are then put together to form the finished building. In order to recreate the construction sequence in the virtual reality simulation, specific functions are implemented within the frame update routine such that keystroke-based command inputs result in different actions. A global counter and a marker will activate each stage of the sequence, allowing the student to scroll through the entire construction process. Additional functionalities may include pop-ups illustrating specific aspects of the process, including equipment, labor techniques and organization, and a step-by-step construction sequence in detail with a quarter-section of the monument that elaborates on specific erection stages. Because of the importance of the construction equipment, individual models ( Fig. 9 ) and explanatory slides ( Fig. 10) V.
DISCUSSION
The major intention of the simulation is twofold. First, the model of the Colosseum is accurately constructed in two different ways, along with a stage-by-stage process of how these stages would have been placed and implemented. By breaking up the structure into individual sections, the simulation can explore the construction process in more detail, but by modeling the sections individually rather than deriving them from a singular solid form, it can also focus on specific details related to these stages and build them more effectively. Secondly, the demonstration of the construction sequence in graphical form is a culmination of an in-depth study on the engineering behind all of the individual processes that contributed to it and is meant to demonstrate these processes to a public audience. Ancient engineering is rarely discussed in the context of engineering education curriculums, and these cases frequently segregate different and sometimes critical aspects in an attempt to distinguish each other. But by understanding the way a monument was constructed, students will also understand engineering principles, labor management, material and equipment ergonomics, and sustainability.
In the study, most of the calculations, concepts, and theories were given textual explanation, proof, and diagrams explaining both general notions and specific details. However, the use of a simulation to describe the process instead of a large amount of text provides a number of advantages from an educational perspective. First, images are more effective for learning new facts and relationships than text in many applications, although they are better suited for the general meaning of a concept and, for the case of close-up shots or other specific details, are comprehended in the same fashion as text passages 5 . More importantly, groups of students viewing the simulation can also actively collaborate and communicate with respect to different components of the model, as opposed to relying on 2D images alone.
An example of these two advantages combined would be completion of the first two floors of the frame-by-frame method. With only a textual description and blueprints, students could interpret that the pier rows of the first floor were completed all at once prior to the erection of the second floor piers on top of them, although in reality such a process would have likely been dependent upon the first floor piers, and therefore would have been slowed down until they were complete (which also goes against the logic that the Romans would have completed the monument as quickly as possible). An interactive simulation could show that the second floor piers were more likely constructed on top of those for the first floor while the latter were still in progress; the piers that were complete could already be used as a base. A faster interpretation would be more effective for demonstrating the strategy of erecting the various parts of the monument (Fig. 14) .
This particular simulation provides a number of specific features that may be conducive to the learning process. The first is the reliability of the interface: a series of text instructions for each stage of the process allows the student to implement the various functions and inputs of the program without having to rely on complicated protocols. By using keyboard-based input, the student can also input more specific commands without having to rely on complicated instructions, and buttons on the interface for the process explanations will be helpful for working through these sequences at a desired pace. The second feature involves the combination of text, illustrations, and 3D models for demonstrating the processes, as opposed to one or the other.
Without context, a picture can be hard to explain, while without illustrations, text can be difficult to make sense of. Together, however, they can highlight all of the various details about how a machine works, how an assembly is organized, and what a certain design strategy is capable of.
The use of images also means that the program can be edited at a faster pace, and the library likewise expanded upon, if information is changed or added. Third, and finally, the student can view the assembly of the components from any angle, anywhere, at any time. This is useful for two reasons. The first is that students can analyze the model as though they are viewing it in physical form, without the tedious effort of assembling it. And second, it speeds up the learning process by not having to rely on physical components.
There are two kinds of hardware systems that can be used for this project: a desktop or browser display and a VR headset. Both of these displays involve a standalone application, although they are handled in different ways. The desktop app requires only one display screen, with the camera rotated by the mouse. However, most VR hardware uses the rotational position of the headset as the cue for the camera angle, and often projects the image onto a viewing screen within the headset for increased immersion; a recent and increasingly popular example of this is the Oculus Rift, which uses dual-screen projection in order to create a stereoscopic effect and create the illusion of a three-dimensional virtual space 6 . In both cases, the interaction with the simulation, such as moving the camera or progressing from stage to stage, is keyboard-based.
While the desktop application can be viewed by multiple students on the same device, it does not provide as realistic of an experience as a headset because it projects to a flat screen in which the camera angle has to be adjusted manually. On the other hand, the Oculus Rift and other VR headgear are more successful at creating an immersive effect, due to the motion of the student's head changing the camera angle automatically, the headset only works for one person at a time, and multiple headsets must be used for groups of students to interact with the same simulation.
Future installments of the program will likely address these issues, with different versions being created for different styles of media display.
Using a personal or desktop computer, or possibly installation of the software enabling compatibility with the Oculus Rift on an academic server network, it is possible to set up the simulation in a classroom setting. While the processing power of a personal computer may not be able to catch up with the software complexity, particularly for such a detailed model, this can be theoretically remedied via either upgrading the operating system or using a server with parallel processing, as both improve the rendering speed and therefore the camera movement precision, framerate, and sensitivity compared with the input control system of the program.
Given additional resources, future installments of the program may also include threedimensional models of the specific processes as additional content. This may also provide additional work for integrating them into the simulation, however, as well as modifying the interface so that students can view them without interference with the main assembly.
The simulation presented in this paper is primarily intended for use with students in the fields of engineering, history, archaeology, and architecture. The program will be most effective in a specialized course on ancient technology which combines the fields of engineering and history, such as the History of Ancient Engineering (ENGR 2361) and Sustainable Ancient Constructed
Facilities (CE 5860H) courses in the College of Engineering at The Ohio State University 10 .
VI. CONCLUSIONS
The general idea of this simulation is to create a multimedia virtual reality system that covers the construction of an ancient monument in a far greater depth than any historical study has gone before, and present it as a means of analyzing and understanding the processes involved. In this respect, the information that is presented is based on years of research and development to ensure that the data is as accurate as possible, which provides a solid base for the program to work upon.
The program also presents the information gathered in a comprehensible manner, which would be useful for education of a variety of audiences as well as broaching the subject of ancient construction to different fields. The virtual reality application that results from this strategy is Given the scope of this project and how all types of construction are expected to be covered, it is likely that other structures aside from the Colosseum will be simulated if this project is expanded upon. The project will take the form of the relevant models in either one simulation with separate event sequences or a number of separate simulationsthe latter may be the better option for the sake of organization. The most likely end product of this research will be a series of models that incorporate as much of the known information about the construction of each monument as possible into the latest multimedia to form interactive representations of such data.
Given the vast educational potential that can be gleaned from this outcome, it is most likely that the results of future derivative projects will ultimately demonstrate the diversity of Roman engineering and architecture, and promote additional research and in-depth analysis with respect to all aspects of Roman engineering, and eventually, the engineering techniques and concepts of other ancient civilizations may also be explored.
